In short carbon fiber reinforced polyetheretherketone (SCFRP-PEEK) composites, carbon fibers and PEEK matrix typically exhibit a weak adhesive force at the interface. However, applying 0.43 MGy dose of homogeneous low-voltage electron beam irradiation (HLEBI) was apparently shown to improve not only the bending modulus (E f ) 65.5% at the median-ranked cumulative probability evaluated as a distribution function (P E = 0.50) from 6.7 to 11.1 GPa, but also Charpy impact fracture value (a uc ) 17.5% at median-ranked cumulative probability (P f = 0.50) from 16.6 to 19.5 kJ m ¹2 . The 0.43 MGy HLEBI dose also remarkably improved the statistically lowest Charpy impact value a s at P f = 0 calculated by 3-parameter Weibull equation 80.0% from 8.0 to 14.4 kJ m
Introduction
Carbon fiber reinforced polyetheretherketone (CFRP-PEEK) thermoplastic polymers are typical composites applied as light structural materials with high strength for space, aircraft, automobiles and sports equipment. 1, 2) Long fiber composites are fabricated by processes such as layup or resin transfer molding of unidirectional or woven plies, and filament winding. However, while short carbon fiber injection-molded SCFRP-PEEK does not offer the strength of the long fiber, it affords the ease, lower cost, and higher productivity rate 3) on the many needed low-or non-loadbearing parts employed for prime mover applications as a stronger alternative to the short glass fiber reinforced polymer (SGFRP) composites.
With high maximum continuous working temperatures of ³250°C 4) and superior corrosion resistance, 5) PEEK has been a state-of-the-art thermoplastic polymer. In addition to being able to easily fabricate parts using the various forming processes 3) with strict tolerances and good repeatability in high volume production carbon fiber PEEK composites exhibit excellent wear resistance, resistance to fuels and salt spray, as well as wind and rain erosion, and are inherently flame resistant.
A main problem however is carbon fibers and PEEK matrix exhibit a weak adhesive force at the interface. Strengthening is needed to improve mechanical properties of parts important for space, air, and land vehicles such as bird strike, hailstone, impact of rock, or automobile collision. To overcome this, homogeneous low-voltage electron beam irradiation (HLEBI) is applied to both sides of the sample part. HLEBI has been found to improve the fracture strain of many polymers. 6, 7) In addition, the irradiation has improved not only the bending fracture strain, 8) but also the hardening modulus, tensile strength, and corresponding strain of carbon fiber. 9) To apply to high-speed mover transports, HLEBI also enhances the bending fracture stress, its strain and impact value of thermo-hardened CFRP. 9, 10) Furthermore, HLEBI often enhances the deformation resistivity (elasticity) of polymer 11) and carbon fiber. 8, 9, 12) Importantly, HLEBI has been applied to strengthening large parts demonstrating ease of applicability in industrial settings.
The mechanism of HLEBI is it generally cuts the atomic bonding at weak chemical bonding sites as shown for PEEK matrix in Fig. 1 where dangling bonds tend to form at the terminated atoms with low dissociation energies. 12) In the PEEK molecular structure bonds with lower dissociation energy include: phenyl groups (C 6 H 5 OR: 380 kJ mol
¹1
) where R is CH 3 ; and hexagonal segments (C 6 H 5 R) where R of CH 3 , C 2 H 5 , and C 6 H 5 are 389, 376, and 418 kJ mol ¹1 , respectively. The free-radical hydrogens have higher dissociation energies (HC 6 H 5 : 431 kJ mol ¹1 ). 13, 14) Dangling bonds have been detected by ESR (electron spin resonance) measurements of PEEK matrix given a 0.43-MGy dose of HLEBI as an increase of peak intensity at B = 322.8 mT. 15) Moreover, repulsive force occurs between the negative charges of the outer shell electrons, probably showing approximate bond dissociation energies and dangling bonds. 13, 14) Materials Transactions, Vol. 55, No. 8 (2014) pp. 1304 to 1310 © 2014 The Japan Institute of Metals and Materials inducing compressive stress. 15) The HLEBI was found to improve the impact values for fracture of long unidirectional 0 degree carbon fiber CFRP-PEEK at low cumulative probability of P f < 0.20. 15) For the short carbon fiber (SCFRP) PEEK of this study, the compressive stress induced in the matrix by HLEBI is enhanced due to the large interfacial surface area of the 7 µm diameter fibers and their short 200 µm lengths. The high fiber end density allows for compressive stress in the matrix generated by HLEBI to act in the spaces between fibers enhancing strength over the untreated. The HLEBI is effective in creating stronger fiber/matrix adhesion therefore, the goal of this work is to apply HLEBI to the SCFRP-PEEK.
Experimental

Sample preparation
Injection-molded short carbon fiber reinforced polyetheretherketone matrix samples SCFRP (PEEK 90CA30) were provided by Victrex μ . Carbon fiber content was 30 mass%, with diameter, d ³ 7 µm, and length, l ³ 200 µm, respectively. Volume fractions, V f were 0.24 and 0.76 for the short carbon fiber and PEEK matrix. Densities, µ of carbon fiber, PEEK matrix, and the SCFRP composite were 1800, 1300 and 1450 kg m ¹3 , respectively. Samples were cut from injection-molded plaques into sizes l © b © t of 80 mm © 3.0 +/¹ 1.0 mm © 3.2 +/¹ 0.6 mm for both bending and impact tests. The processing parameters of the samples are proprietary.
Bending test
In order to evaluate the stiffness, the flexural modulus of the SCFRP-PEEK samples with and without HLEBI were measured using standard testing method for 3-point bending test (IMADA Co., Ltd. DPU-50N/MX-500N/GA-10N) (see JIS K 7074-1998). 16) Bending stress (·) and bending strain (¾) are expressed by the following equations:
Here, ·, P, L, w, t, ¾, and d are bending stress (MPa), load (N), distance between supporting points (20 mm), sample width, thickness, bending strain, and amount of deflection (mm), respectively.
The flexural modulus (E f : GPa) is expressed by the following equation. 16 )
where maximum slope value (d·/d¾) max was determined from the slope of stressstrain curves within elastic deformation of ¾ = «8.0 © 10
¹4
. The distance between supporting points was 20 mm. The testing speed was 6.5 mm/min.
Charpy impact tests
Typically, to screen aircraft materials such as long-fiber quasiisotropic laminates and weaves for resistance against birdstrike, hailstone, or volcanic rock, damage by a hemispherical impactor is initiated as a point force on the center of a square or rectangular specimen ³70 to 150 mm 2 by slow point force, 13) drop tower, or projectile. 1720) Initiation of damage in the form of delamination is usually assessed by non-destructive evaluation (NDE) such as an ultrasonic sensor. This is usually followed by compression after impact (CAI) tests to compare integrity and safety level of candidate materials after impact. However, the material under investigation is a non-laminate short-fiber SCFRP. Therefore, we employ Charpy impact test which utilizes a drop-weight pendulum and evaluates the impact absorption characteristics and relative impact toughness of materials often used in quality control (QC) applications employed as an inexpensive and fast way to estimate reaction to higher velocity impact. We do not claim the Charpy impact test to be a replacement for point-force tests followed by CAI. But we assert Charpy impact may be used as a preliminary method to screen for candidate materials for later evaluation by projectile and CAI.
The Charpy impact testing device is calibrated for air friction and effect of air temperature and humidity on the swing and pivot of the pendulum. Therefore the velocity, v (m s
¹1
) and kinetic energy, KE (J) hitting the sample are assumed to be approximately constant similar to comparing projectiles in a point impact test hitting the composite surface at constant v and KE. Thus, when the Charpy impact test impact velocity, v hitting the sample is calculated as: 21) v ¼ ½2gRð1 À cos ¡Þ 
where F is the measured supporting force (N) exerted by the pendulum in the horizontal position. PE is assumed to be equivalent to the KE in the horizontal vector, 0.5mv 2 , or 1.30 J (1.3 © 10 ¹3 kJ). The surface area A hitting the sample of the 1.5 mm diameter hemispherically-shaped impactor is small so KE/A is large.
In order to evaluate the impact fracture toughness, the Charpy impact values of the SCFRP-PEEK with and without HLEBI were measured using a standard impact fracture energy measurement system (Shimadzu Corporation No. 51735) (JIS K 7077). 10, 12, 15) The impact fracture energy (E) is expressed by the following equation:
Here, E, W, R, ¢, ¡ and ¡A are impact fracture energy (kJ), hammer mass (kg), length (m) of hammer weight point from rolling center, maximum angle after impact (Radians), start angle before impact and the maximum angle of the blank test, respectively. The Charpy impact value (a uc : kJ m ¹2 ) is expressed by the following equation:
Here, E, w [3.0 +/¹ 1.0 mm] and t [3.2 +/¹ 0.6 mm] are impact fracture energy (J), sample width (mm) and sample thickness (mm), respectively. The distance between supporting points was 40 mm.
Homogeneous low-voltage electron beam irradiation (HLEBI)
HLEBI was performed using an electron-curtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA). 2224) After specimens were cut from the CFRTP sheet, they were homogeneously irradiated with the electron beam through a titanium thin film window attached to the vacuum chamber, 240 mm in diameter. A tungsten filament in the vacuum was used to generate the electron beam at the low energy (acceleration potential, V: MeV), of 0.17 MeV and irradiating current density (J : Am ¹2 ) of 0.089 Am ¹2 . The distance between sample and window was 35 mm. Although electron beam generation was done in a vacuum, to prevent oxidation the samples were kept in a protective 1.0 atm of nitrogen gas with a residual concentration of oxygen below 0.030%. The N 2 flow rate was 1. 
Absorbed dose was corrected by using FWT nylon dosimeter of RCD radiometer film (FWT-60-00) with irradiation reader (FWT-92D) from Far West Technology, Inc. 330-D South Kellogg Goleta, California 93117, USA. Since estimated penetration depth D p of HLEBI is calculated to be 189 +/¹ 37 µm (311% of the thickness) into both side surfaces of the short-fiber SCFRP-PEEK samples with 3.0 +/¹ 1.0 mm thickness, it is expected that the HLEBI can improve the mechanical properties of flexural modulus and impact value of the SCFRP-PEEK. Figure 2 shows bending stressstrain curves of the SCFRP-PEEK with and without HLEBI. Although the higher 0.86 MGy dose of HLEBI reduces the slope (d·/d¾), results show the slope is raised by the lower 0.43 MGy dose.
Results
3-point bending
Evaluating the cumulative probability, P x as a distribution function for a given data set is a convenient method of quantitatively analyzing experimental values for reliability and often applied in quality control. For example, P E for bending modulus is expressed in eq. (9) which is a generalized form of the median-rank method. Experimental results in Fig. 3 show although the 0.43 MGy HLEBI reduces the bending modulus (E f ) values below P E of 0.20, the 0.43 MGy HLEBI remarkably enhances the E f 65.5% from 6.7 to 11.1 GPa at median-ranked cumulative probability (P E = 0.50) over the untreated. At P E = 0.85 the E f was enhanced 63.4% from 8.52 to 13.92 GPa. The 0.43 MGy HLEBI apparently enhances the E f over the untreated at all P f > 0.20. Overall the average E f was raised 38.1% from 6.36 to 8.78 GPa.
Charpy impact
When NA s and iA are total number of Charpy impact samples and rank order integer, the cumulative probability for impact fracture, P f is expressed in eq. (10) 25,26) 
In predicting the required impact value for new structural materials, the lowest impact value (a s ), the 3-parameter Weibull coefficient (m) and the (a III ) which are both constants from their respective data sets are the key parameters. While the a III is determined when the term (ln[¹ln(1 ¹ P f )]) is zero, the a s value is defined as the a uc value when P f = 0 and represents the statistically lowest possible impact value for safety considerations and is used for quality control. Figure 5 shows iteration of the potential lowest impact value ( e a s ) to obtain the lowest impact value, a s at the maximum correlation coefficient, F (arrows) from the linear logarithmic form (see Fig. 6 ) of eq. (11) showing applying the 0.43 MGy HLEBI significantly raises the a s 80.0% from 8.0 to 14.4 kJ m ¹2 (see Fig. 4 ).
Effects of HLEBI on bending modulus and Charpy impact values
From conventional X-ray diffraction patterns (XRD) of the carbon fiber before and after EB irradiation, remarkable differences cannot be observed therefore, the HLEBI does not appear to change crystal structure. However, dangling bonds are reported to spontaneously exist in carbon fiber before and after HLEBI 15) by electron spin resonance (ESR) measurements. ESR is utilized to detect unpaired electrons by their spins (m s = +/¹1/2) since electrons have a magnetic moment and spin quantum number. The unpaired electrons' magnetic moments either align themselves parallel or antiparallel to an induced magnetic field producing a peak at a particular magnetic field, B. Spontaneous dangling bond density of carbon fibers measured by ESR before irradiation is reported to be 1.2 © 10 17 spins mm
¹3
. 15) Applying 0.43 MGy dose of HLEBI has been found to decrease the dangling bond density in carbon fiber at B = ³322.4 mT. This annihilation of dangling bonds of carbon fiber has been found to enhance the tensile fracture stress and fracture strain of bending tests. 8, 9, 12) Moreover, dangling bonds have been detected by ESR in PEEK matrix irradiated by 0.43-MGy dose of HLEBI as an increase of peak intensity at B = 322.8 mT.
15) The dangling bond density of PEEK samples before irradiation is reported to be 1.5 © 10 12 spins mm ¹3 , 26) about 5 orders of magnitude lower than carbon fiber. The HLEBI was found to improve the impact values of long unidirectional 0 degree carbon fiber CFRP-PEEK at low cumulative probability of P f < 0.20. The Improvement of Bending Modulus and Impact Value in Injection-Molded Short Carbon Fiberenhancement was attributed to generation of repulsive force between the negative charges of the outer shell electrons, inducing compressive stress within the matrix on the carbon fibers as well as strengthening of the carbon fibers.
15)
Interestingly in CFRP-PEEK composite, experimental results showed ESR signals have not been observed in either untreated or HLEBI-treated. This may be due to interference between the two peaks which reside close to each other cancelling each other out: HLEBI lowers the peak intensity of carbon fiber at ³322.4 mT, while raising the peak intensity of PEEK matrix which occurs at ³322.8 mT. Moreover, difference in binding energies of the dangling bonds can cause electrons to migrate between the carbon fiber and PEEK matrix as they are energized maintaining an overall charge that enhances strength and fiber/matrix coupling undetectable by the ESR in the composite. ) before contacting the sample, their mass thicknesses, l o reduce the number of electrons that would hit the sample, therefore l o of the sample is 0.33 g m ¹2 by eq. (13):
Therefore the voltage at the sample surface, E is calculated by:
with E = 164 keV. Hence, by using the assumption of Libby 30) D p for SCFRP-PEEK, carbon fiber and PEEK matrix are 226, 182 and 252 µm.
Using both assumptions therefore, estimated irradiated depth of the SCFRP-PEEK is 189 +/¹ 37 µm at both side surfaces, or 311% of sample thickness. 29, 30) From this it is expected that the HLEBI improves the mechanical properties of flexural modulus and impact value of the SCFRP-PEEK.
In order to confirm the penetration depth (D p ), 280 µm-thickness PEEK sheet laminated by eleven PEEK films with 25 µm thickness has been irradiated with 0.30 MGy HLEBI. 26) Dangling bond density was subsequently evaluated by ESR spectra of each PEEK layer separately. Although the dangling bond density reported for PEEK before HLEBI irradiation is 1.5 © 10 12 spins mm ¹3 , in 0.30 MGy-irradiated PEEK the increased dangling bond density between 2.0 © 10 12 and 5.0 © 10 12 spins mm ¹3 is observed from the surface to D p = 250 µm. From 250 to 280 µm is the "drastic reduction zone" where the dangling bond density tapers off to that of the untreated at 1.5 © 10 12 spins mm ¹3 . The estimated penetration depth, D p of irradiated PEEK by using the assumption of Libby 30) of 252 µm closely agrees with the experimental value of 250 µm-D p .
The near-surface mechanical properties, therefore will differ from the bulk properties. When the experimental D p and drastic reduction zone of PEEK matrix (30 µm) is assumed to be approximately equal to that of the SCFRP-PEEK, the [3.0 +/¹ 1.0 mm] thick samples have a 5-layer structure of HLEBI influence: irradiation zone skins (189 +/¹ 37 µm); middle drastic reduction zone shells (30 µm); surrounding an irradiation-free zone core (2,830 +/¹ 698 µm).
Scanning electron microscopy (SEM)
Figures 7 to 10 show scanning electron micrographs (SEM) of untreated and 0.43 MGy treated SCFRP-PEEK fracture surfaces after Charpy impact tests showing increased matrix adhering to fibers and in between fibers in the HELBI samples. The untreated sample in Fig. 7 shows evidence of fiber pullout in the form of holes and numerous fibers sticking out of the matrix. The matrix itself appears to have been separated fairly easily without peeling. At higher magnification, Fig. 8 shows the exposed fibers at the fracture surface.
On the other hand, the 0.43 MGy irradiated sample in Fig. 9 shows much less exposed fiber surfaces than that of the untreated with considerable peeling-like fracture of the PEEK matrix. This peeling-like fracture may take more energy than the easily separated. The fracture surface of the 0.43 MGy sample appears flatter than that of the untreated. At higher magnification, the 0.43 MGy irradiated sample of Fig. 10 shows more matrix sticking to the fibers and more matrix being held between fibers than the untreated increasing pullout resistance. Increased matrix adhering to fibers by HLEBI was also found in unsaturated polyester GFRP-BMC increasing impact strength. 23) In the SCFRP-PEEK the HLEBI appears to assist in strengthening the weak bonding between the carbon fiber and PEEK matrix improving its mechanical properties.
Conclusions
Experimental results show applying homogeneous lowvoltage electron beam irradiation (HLEBI) to be a viable method to increase the weak bonding between carbon fiber and PEEK matrix typically found in CFRP-PEEK composites.
(1) A dose of 0.43 MGy HLEBI applied to both specimen side surfaces improved not only the bending modulus (E f ) 65.5% at median-rank cumulative probability (P E = 0.50) from 6.7 to 11.1 GPa, but also Charpy impact value (a uc ) 17.5% at median-P f = 0.50 from 16.6 to 19.5 kJ m ¹2 of the short-fiber injection-molded SCFRP-PEEK. (2) Moreover, the statistically lowest Charpy impact value a s at P f = 0 calculated by 3-parameter Weibull equation was increased 80.0% from 8.0 to 14.4 kJ m ¹2 by the 0.43 MGy HLEBI. (3) While penetration depth, D p of the HLEBI was calculated to be 311% into both side surfaces, SEM results of the 0.43 MGy HLEBI samples showed increased matrix sticking to the fibers and more matrix being held between fibers than the untreated increasing pullout resistance. The HLEBI appears to be a promising method to assist in strengthening the typically weak bonding between the carbon fiber and PEEK matrix to improve mechanical properties of carbon fiber reinforced PEEK composites. 
